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IONOSPKERE TOPSIDE SOui3DER STUDIES, I: 

THE REDUCTION OF ALO'JETTE I IONOGRATG 

TO ELECTRON DENSITY PROFIMS 

By J. 0. Thomas, B. R. Briggs, L. Colin, 
M. J. Rycroft,and Margaret Covert 

Ames Research Center 

SUMMARY 

I n  radar  soundings of t h e  topside of the ionosphere, an ionosonde i n  a 
vehicle immersed i n  the  plasma above the  peak of t h e  F2 layer  measures, as a 
function of frequency, f ,  t he  v i r t u a l  depth, h ' ,  below the  vehicle, a t  which 
radio waves a r e  re f lec ted  f r o m  t h e  topside o f  the  ionosphere. I n  t h i s  report  
a number of mathematical procedures and d i g i t a l  computer programs f o r  convert 
ing t h e  observed topside 
des c r ibed . h' ( f )  curves in to  e lec t ron  densi ty  p r o f i l e s  are 

INTRODUCTION 

The experiments car r ied  on board the  Canadian satel l i te  Alouette have 
been described i n  reference 1 and by Warren ( r e f s .  2 and 3 ) .  
r e s u l t s  have been presented i n  a se r i e s  of papers i n  the  Canadian Journal  of 
Physics ( r e f s .  4 t o  9) .  
o r b i t  charac te r i s t ics  of t he  s a t e l l i t e  can be foilnd i n  the  references quoted 
above. 

The f i r s t  

Details concerning the  construction, operation and 

I n  the topside sounder experiment (see sec t ion  e n t i t l e d  "The Basic Prob- 
l e m " )  t he  v i r t u a l  depths of r e f l ec t ion  below t h e  s a t e l l i t e ,  h ' ,  of radio 
pulses v e r t i c a l l y  incident  on t h e  topside ionosphere are measured as a func- 
t i o n  of frequency, f .  h' ( f )  data, when displayed on 
photographic paper or f i l m ,  are known as ionograms . These ionograms contain 
information about t he  d i s t r ibu t ion  of  electron density with height i n  the  
lower exosphere, a de ta i led  knowledge of which i s  important for the  physics 
of t he  ionosphere. The der ivat ion of t h e  electron densi ty  d i s t r ibu t ion  as a 
function of height (N(h) p r o f i l e s )  from t h e  ionogram is ,  however, a complicated 
procedure bes t  car r ied  out by a d i g i t a l  computer program. 

The resu l t ing  topside 

This report  presents  information concerning such calculat ions which have 
been programmed a t  t h e  NASA Ames Research Center f o r  an IBM 7094 d i g i t a l  com- 
puter .  These programs, i n  conjunction with a supplementary program described 
i n  a companion paper (ref.  lo), a re  par t icu lar ly  su i t ab le  f o r  the  routine 
reduction of Alouette I ionograms t o  topside 
extension of work described recent ly  by Thomas and Sader ( r e f s .  11 and E'), 
Thomas, Long and Westover (ref.  13) and Thomas and Westover (ref. 14) .  

N(h) p r o f i l e s  and form an 



The basic problem is first described. The relevant calculations and , 
procedures used for testing the computations together with details concerning 
the operational procedures to be employed for converting an ionogram to an 
electron density profile are subsequently presented. 

In the last section the advantages and disadvantages of each technique 
are discussed, and test and sample cases presented in graphic and tabular 
form. The tabulated h'( f) curves and corresponding N( h) profiles computed 
both for model and real ionospheres can be used for comparison purposes and 
for testing newly developed programs. 

Appendixes are included which prescribe standardized ionogram scaling or 
digitizing procedures and describe in detail the existing 
N( h) output formats. 

h'(f) input and 

The authors wish to acknowledge gratefully the courtesy of scientists of 
the Canadian Defence Research Telecommunicatiocs Establishment, Ottawa, Canada, 
particularly Dr. J. H. Chapman and Dr. G. L. Nelms who made a number of top- 
side ionograms available to the authors in the early stages of development of 
this work. They wish also to thank the staff of the Radioscience Laboratory, 
Stanford University, for recording ionograms. 

NOMENCLATURE 

The symbols listed below define physical quantities. Symbols introduced 
in mathematical derivations are defined as needed in the text and are not 
listed here. 

C speed of light 

f frequency of a radio pulse 

f' defined as & - fxfH for f, > fH 

electron gyrofrequency 

plasma frequency 

*H 

fN 
F total magnitude of the geomagnetic field 

GO defined as d m  
GX defined as p i  JI - (fN/f;)2 

h real height above the surface of the earth 

2 
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Ah 
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ings 

v i r t u a l  depth below the  s a t e l l i t e  

group re ta rda t ion  

magnetic dip angle 

e lec t ron  density 

time 

group ve loc i ty  

real depth measured pos i t ive ly  downward from the vehicle 

group r e f r ac t ive  index of the Ordinary ray 

group r e f r ac t ive  index of t he  Extraordinary ray 

Subs c r i p t  s 

d i sc re t e  value 

quant i ty  r e l a t ed  

quant i ty  re la ted  

quantity xeasure 

t o  t h e  Ordinary t race 

t o  the  Extraordinary t r a c e  

a t  t h e  pos i t ion  of' t h e  vehicle 

TKE BASIC PROBLFM 

I n  ionospheric var iable  frequency ve r t i ca l  incidence radio-pulse sound- 
from t h e  ground or from sa te l l i t e -borne  radars,  the  time delay t 

between the emission of a radar  pulse and the reception of an echo-af ter  i t s  
round t r i p  from the  t ransmi t te r  t o  the point  of r e f l ec t ion  and back i s  meas- 
ured. ?"ne v i r t u a l  height of r e f l ec t ion  above t h e  ground, or, f o r  a topside 
sounder, t h e  v i r t u a l  depth of r e f l ec t ion  below the  s a t e l l i t e  h',  is  defined 
bY 

where c is  the  ve loc i ty  of l i g h t .  The vir tual  height or depth thus corres-  
ponds t o  the  distance which the  radio pulse  would have covered i f  it had 
everywhere along i ts  path t raveled with the  velocity of l i g h t .  

I n  a plasma, the  r e a l  speed of the  pulse is given by the group ve loc i ty  
u so t h a t  

3 



dh 
d t  

u = -  

where h i s  the  r e a l  dis tance t rave led  by t h e  pulse .  Thus t h e  t o t a l  time of 
f l i g h t  of the  pulse  and echo i s  given by 

t = 2 J  h - dh 
o u  

s o  tha t  

(3) 

The group r e f r ac t ive  index p'  i s  defined as c/u and can be calculated f o r  
t he  Ordinary and Extraordinary rays from the  Appleton-Hartree magneto-ionic 
e quat ion. 

Hence, showing the  funct ional  dependencies of t he  quant i t ies  concerned 
we may write, neglecting the  e f f e c t  of co l l i s ions  and measuring 
from the ground, 

h and h '  

h( N )  h ' ( f )  = s p'(f ,N,I,F)dh 
0 

(5) 

where 

f frequency of rad io  pulse  

N 

I magnetic dip angle 

e lectron densi ty  (a funct ion of he ight )  

F t o t a l  magnitude of t h e  ea r th ' s  magnetic f i e l d  

Equation ( 5 )  may a l s o  be r e l a t ed  t o  the  plasma frequency, f N ,  and e l ec -  
t r o n  gyrofrequency, fH, by the  r e l a t ions  

N e 1.2388~10~ f z  and f H  * 2.7994 F 

with f N  and f H  given i n  Mc/s, N i n  e lec t rons  pe r  cc and F i n  gauss. 
Thus, 

4 



. 
This i s  the  basic  equation r e l a t ing  the observed N(h) 
p r b f i l e .  
can be determined given h ' ( f ) .  I n  order t o  do th i s ,  it i s  convenient t o  
transform (6)  so t h a t  f o r  the  measurements of the  Ordinary ray 

h ' ( f )  data t o  the  
In  p rac t i ce  it i s  necessary t o  invert  equation (6)  s o  t h a t  h ( fN)  

The subscr ipt  i indicates  a value of frequency correspofding t o  a par -  
t i c u l a r  value, hi ,  of real height and t o  a par t icu lar  value, hi, of the  v i r -  
t u a l  height measured on an ionogram. The q y e r  l i m i t  of in tegra t ion  i n  
equation (7a) i s  the  plasma frequency i n  t h e  region where the  Ordinary ray of 
frequency f i  i s  ref lected.  For the  Extraordinary ray 

with 

the  subscript  x 
ured on the  Extraordinary t race.  

being included t o  indicate  t h a t  t he  frequency i s  now m e a s -  

A pa r t i cu la r  frequency of fxi ,  equal t o  f,b say measured on the  ExtraoF 
dinary t race,  i s  re f lec ted  from the same r e a l  height as an Ordinary ray  of 
frequency fa, say, i f ,  and only i f ,  

fb  1 2  = fZb - f f, = fa2 = fN 2 
xb db 

The frequencies fa  and fxb a re  then known as  "corresponding" frequencies. 

I n  general, one can write (see eq. (6 ) )  

where cp i s  some single valued function of fN, and fH i s  t h e  gyrofrequency 
f o r  electrons.  Equations (7a) and (7b) obviously correspond t o  the  case 
P(fN) f N *  

It should be noted t h a t  dh/dfN must remain f i n i t e  over t h e  in t e rva l  
concerned so t h a t  for the  inversion of t he  
h(fN) or, generally, h(cp) be monotonic. 

h ' ( f )  curve it i s  required t h a t  

Equations (7a) and (7b) apply f o r  ground-based soundings. They may be 
rewrit ten,  with s l i g h t  notat ional  changes, f o r  appl icat ion t o  topside iono- 
grams, as follows : 

5 



h ' ( f i )  = jfi p.; (=)dfN d f N 
0 

f v 

The subscript  v i n  the  lower l i m i t s  of these two in t eg ra l s  ind ica tes  t h a t  
the  plasma frequency i s  t h a t  a t  t he  pos i t i on  of t he  vehicle,  and Ah i s  used 
here for  the  r e a l  depth of r e f l e c t i o n  below the  s a t e l l i t e .  
be a l t e r ed  similarly giving, f o r  t he  Ordinary ray,  f o r  example 

Equation (9 )  may 

From equation (lo), (11) or (12)  it i s  poss ib le  t o  deduce L l h ( f N )  from the  
observed This may sub- 
sequently be converted i n t o  an e lec t ron  densi ty  p r o f i l e  giving N as a func- 
t i o n  of h, the height above the  ground by means of the  r e l a t i o n  Ah = hv - h 
where hv i s  the  height of t he  s a t e l l i t e .  

h ' ( f )  va r i a t ion  recorded on t he  topside ionogram. 

I n  procedures described i n  the  
subsequent pages f o r  t he  inversion of 
equations (10) , (11) and (12)  it i s  
assumed t h a t  t h e  plasma frequency f, 
or f$ a t  the  vehicle i s  known, as 
a r e  a l s o  the  quant i t ies  I, f H  and h,. 
Techniques f o r  determining these  four  
parameters are described i n  refer-  
erence 10. It should be noted t h a t  i n  
computing fi o r  f$ from equation (8) 

t h e  height  -dependent gyrofrequency 
foFz fxF2 t h e  appropriate value f H i  or  f H v  of 

Fig. 1.- Schematic diagram of a typical topside 
electron density profile [fn(Ah)] and its 
associated Extraordinary [hi( f)] and Ordi- 
nary [ hA( f) 1 ionogram traces. In this 
diagram f,i has been chosen as the "corre- a typ ica l  topside p r o f i l e  with a S S O C i -  
sponding frequency t o  fi (see text). 

should be used. 

Figure 1 i l l u s t r a t e s  schematically 

a ted  Ordinary and Extraordinary ray 
t r aces .  
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DIGITAL COMPUTER PROGRAMS FOR THE REDUCTION O F  
TOPSIDE IONOGRAMS TO EL;ECTROTT DENSITY PROFILES 

General Remarks 

Several programs a r e  avai lable  a t  the  NASA Ames Research Center f o r  
reducing topside ionogram data. 
d i r e c t l y  based on, o r  a r e  simple developments of,  ana ly t i ca l  procedures 
already extensively described i n  the  s c i e n t i f i c  l i t e r a t u r e .  
re levant  references a r e  given i n  t ab le  I f o r  each technique. 

The techniques used a r e  noted below and a r e  

The appropriate 

1. Single polynomial method 
2. Overlapping polynomial method 
3. Lamination method 
4. Contiguous parabola method 

The input data  include the dip angle a t  the  vehicle I,, the  gyrofrequency a t  
the  pos i t ion  of the  s a t e l l i t e ,  fHvy and a number of p a i r s  of frequency and 
vir tual-depth data  as read from an  ionogram according t o  t he  reading or seal- 
ing procedure described i n  appendix A. 
i s  a l s o  read i n .  The input data  are punched onto cards, i n  a s ing le  format 
which can be used f o r  a l l  the  programs currently avai lable .  
input formats a r e  described i n  d e t a i l  i n  appendix B. 

Ident i f ica t ion  and control  information 

The punched card 

The bas ic  output f o r  a s ing le  ionogram includes a l l  of t he  input quan- 
t i t i e s ,  and the  calculated r e a l  depth and electron density. 
able  in t he  overlapping polynomial program t o  p r i n t  interpolated summary 
t ab l e s  of e lec t ron  density and sca le  height, H, as functions of r e a l  depth a t  
50-km in t e rva l s  f o r  a s e r i e s  of ionograms. The sca le  height H i s  approxi- 
mated by 
wel l  as computer time estimates, a r e  given i n  appendix C. 

Options a re  ava i l -  

I N/(AT/Ah) I . Detai ls  of output formats f o r  the several  programs, as 

The Single Polynomial Method 

The topside s ingle  polynomial program i s  e s sen t i a l ly  i d e n t i c a l  t o  t h a t  
described b r i e f l y  by Thomas, Long and Westover ( ref .13)  and i n  more d e t a i l  i n  
a repor t  by Thomas and Westover ( r e f .  14). Basically the  program cons is t s  of 
a simple development of the  s ing le  polynomial technique ( f o r  references see 
t a b l e  I) proposed by Titheridge ( r e f .  15) fo r  t he  reduction of bottomside 
ionograms. The modification outlined b r i e f l y  below allows f o r  the  two con- 
d i t i ons  appropriate t o  the  topside case, namely, t h a t  both 
f i n i t e  a t  @h = 0. 

N and dlV/dh are 

It is assumed t h a t  the N(h) curve (or par t  of t he  N(h)) curve can be 
approximated by the  polynomial 



rl 

where fNv i s  the plasma frequency a t  the  vehicle  and n i s  the  number of 
points  through which the  polynomial i s  t o  be f i t t e d .  Details a r e  omitted here, 
but it i s  shown i n  the  references noted above t h a t  Ah can be determined by 
solut ion of the matrix equation 

The elements of [A] a r e  

For the  Ordinary ray the  elements of [B] a r e  

Equation (16)  may be wr i t ten  i n  the  form 

where the transformation PN = f i  s i n  8 has been made, and where p; has 

been replaced by the function G o / J ~  . 
The above equatioys apply f o r  the  Extraordinary t r ace  if f i ,  pk and Go 

a r e  replaced by fly px and Gx, respect ively,  where 

f;2 = fZi - fxifHv 

and 

8 



. 
and & a re  r e l a t ed  t o  t h e  frequency of the exploring radio witve, the  e lec-  

tFon density i n  t h e  plasma and the  s t rength and di rec t ion  of t he  ea r th ' s  f i e l d  
through the  c l a s s i c a l  Appleton-Hartree magneto-ionic theory. Throughout t he  
work described here, t he  calculat ion of  t h e  group re f rac t ive  indexes (and of 
Go and Gx) w e r e  made using the  Appleton-Hartree equations i n  t h e  formulation 
given by Becker ( re f .  16).  The relevant  formulas a re  summarized i n  appendixD. 

The e lec t ron  density f o r  each i s  computed from 

N i  = 1.2388~10~ fT(Grdinary ray) 

N~ = 1.2388~10~ fi2(Extraordinary ray) J 

The use of t h e  s ing le  polynomial procedure is  l imited t o  cases where the 
N(h) p ro f i l e  i s  monotonic and t h e  h ' ( f )  curve contains no sharp "cusps." 

The Overlapping Polynomial Method 

The overlapping polynomial procedure described here i s  based on the work 
of Titheridge (ref. 15)  who has applied this  technique i n  the  reduction of 
ground-based ionograms. 
f o r  reducing ionograms having cusps and other sharp irregularities, the  over- 
lapping polynomial method i s  qui te  generally applicable. 

Whereas the single-polynomial method cannot be used 

Instead of t h e  e n t i r e  N(h) p r o f i l e  being represented by a s ingle  poly- 

Thus, when t h e  r e a l  depth i s  calculated a t  any frequency, a polyno- 

The polynomial i s  

nomial, a number of polynomials are used over a series of s m a l l  frequency 
ranges. 
m i a l  t o  represent t he  exact shape near t'nis frequency only i s  required, and 
v i r t u a l  depths outside the  pa r t i cu la r  range are not used. 
chosen t o  give the correct  v i r t u a l  depths a t  frequencies j u s t  above and below 
as wel l  as a t  the  frequency under consideration. 

t he  curve, and so a smooth continuation 
of t h e  real  depth curve with t h e  cor rec t  
gradient i s  assured. 

The polynomial i s  also 
FREOUMCY.f joined t o  an already determined p a r t  of 

I n  order t o  i l l u s t r a t e  t h i s ,  sup- 
pose t h a t  real depths have been de ter -  
mined a t  frequencies f l y  f2, ..., fi-=,  
and t h a t  it i s  desired t o  compute t h e  
r e a l  depth corresponding t o  frequency 
f; ( see  f i g .  2 ) .  A fourth-degree poly- f, (Ah) KNOWN I fNlAh) TO BE COMPUTED 
A -  

nomial 
Fig.  2.- Schematic diagram i l l u s t r a t i n g  t h e  s t e p  

by s t e p  and overlapping procedures by which a 
p r o f i l e  is deduced f r o m  Ordinary ray ionogram 
data by t h e  overlapping polynomial technique. 

(19) 
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w i l l  be found which smoothly connects the  poin t  a t  f i  on t h e  fN(Ah) curve 
t o  the  poin ts  a t  4 

a r e  maintained a t  f i - l  and also a t  f i + l .  The constants ao, al, a,, a3 and 
a4 are  t o  be computed, following which Ahi  i s  calculated by subs t i t u t ion  
of f i  f o r  fN i n  equation (19) .  The f ive  equations t o  be solved f o r  t h e  
a ' s  are 

f i - l  and f i -2 ,  and such t h a t  t h e  cor rec t  values f o r  h '  

, f o r  m = i - 2 and i - 1 

j=o 

The group re ta rda t ions  G,i-2 are given by the  i n t e g r a l  

or 

The numerical treatment of t h i s  i n t eg ra l ,  as w e l l  as those i n  equations (20), 
w i l l  be discussed l a t e r .  

Special consideration i s  needed f o r  t h e  last  poin t  (point  n ) ,  s ince 
poin t  n + 1 does not e x i s t .  A third-degree polynomial 

3 

Llh = c ajfN j 

j=o 

i s  used, and t h e  four  equations t o  be solved f o r  ao, a l ,  a2 and a3 a r e  

10 



. 

I fo r  m = i - 1, i, and i t 1 
I 

3 
1 

% = >, ajfm , fo r  m = n - 2 and n - 1 

j=o 

1 o r  

The group retardat ions H' a r e  again defined as i n  equation (21). 

The required two s t a r t i n g  values f o r  the overlapping polynomial proc-edure 
a re  determined by use of a lamination method (see following sect ion and tableI.)  
su i tab ly  modified f o r  the  topside application. 

The evaluation of t he  in tegra ls  i n  equations ( 2 0 ) ,  (21) and ( 2 3 )  i s  f a c i l -  
f N  = fm s i n  6 ( f N  = f; s i n  e i t a t e d  by the  introduction of the  transformation 

i n  the  case of t he  Extraordinary t r a c e ) .  
( 2 3 )  become 

The in t eg ra l s  i n  equations (20) and 

The calculat ion of ph by use of the function Go i s  discussed i n  appendix D. 
The in t eg ra l  i n  equation (21) i s  handled i n  a s imi la r  manner. 
it i s  necessary t o  evaluate the  der ivat ive d(Ah/dfN) i n  the frequency range 
of fNv t o  fi-2. Since &h has already been calculated i n  t h i s  range, t h i s  
can be done by means of a simple l i n e a r  approximation between given frequency 
values. Equation (21) then becomes 

F i r s t ,  however, 

11 



(Note t h a t  
Extraordinary t r ace  if f i ,  p.& and Go are replaced by fi, and Gx, 
respectively (see appendix D )  . 

f o  = fNv and aho = 0. )  Equations (19) through (25) apply f o r  tpe  

In  the  case of Extraordinary t r a c e  data ,  a correct ion i s  made, following 
t h e  calculat ion of the r e a l  depths, t o  ad jus t  f o r  the  f a c t  t h a t  a constant 
gyrofrequency (namely, fHv) has been used throughout. 
s is ts  i n  approximating f H i  a t  each value of Luli(km) by the inverse cube 
r e l a t ion  

This correct ion con- 

1 
and then recalculat ing f i  using the  r e l a t ion  

The electron densi ty  i s  then computed by the use of t he  formulas 

Ni = 1 . 2 3 8 8 ~ 1 0 ~  fi2, Ordinary t r a c e  

' 2  
= 1 . 2 3 8 8 ~ 1 0 ~  fi  , Extraordinary t r ace  

A s  noted e a r l i e r ,  the  overlapping polynomial process i s  s t a r t e d  by use 
of the l i n e a r  lamination method. The program i s  arranged s o  t h a t  any number 
of points and, i n  f a c t ,  the  e n t i r e  p r o f i l e ,  may be calculated by the  lamina- 
t i o n  method. I n  prac t ice ,  a three-point start  is  adequate f o r  the  overlapping 
polynomial program. It is  occasionally of i n t e r e s t ,  however, t o  use the  l a m i -  
nation method throughout. 

The Linear Lamination Method 

The l i nea r  lamination techniaue f o r  t he  ca lcu la t ion  of N(h) p r o f i l e s  
.L 

from 'n' ( f )  curves ( r e f s .  1-7 and 18) i s  based on 
equation (9)  with cp = f N  s o  t h a t ,  f o r  example, 

h'. J = sfi (e) 
f v 

the  inversion of ?ne i n t e g r a l  
f o r  the  Ordinary ray 

d f N 

12 



. 
HeTe d Clh/dfN i s  assumed constant over each lamination. An out l ine  of t h e  
method as applied t o  t h e  topside case is  given here, based on a simple modi- 
f i c a t i o n  t o  the  procedure f o r  bottomside ionograms described by Thomas and 
Vickers ( r e f .  19). It may be noted t h a t  cer ta in  notation, namely the  indexing 
of quant i t ies ,  i s  i n  agreement with t h a t  used by Thomas and Vickers and i s  
s l i g h t l y  d i f f e ren t  from t h a t  i n  t h e  foregoing sections.  

The t r u e  and v i r t u a l  heights are assumed t o  be r e l a t ed  by the  following 
set of equations : 

h' = A,, Aho = 0 
0 

Since 
and terms multiplied by 
r e su l t i ng  set can be wr i t ten  as the  matrix equation 

Aho = h; = 0, as noted above, t he  f i r s t  of equations ( 3 0 )  drops out, 
i n  the  subsequent equations a re  zero. The 

The equations represented by equation (31) solved one a t  a time, lead t o  

which y ie lds  t h e  desired values of Ah(fN) f o r  the given h' ( f )  . I n  the above 
equation, the  elements of [B] a re  

1 
B n n = g ,  m = n  

m < n  

m >  n 

( 3 3 )  



me values f o r  Ahl, Ahz, . . . can be found i n  succession by use of the  r e i a -  
t i o n  

Y 

It i s  assumed i n  the  lamination technique t h a t  d Ah/dfN i s  constant 
between adjacent po in ts ,  s o  t h a t  

= const.  d A h  &m - & m - i  
df N f m  - f m - i  
- -  - 

Equation ( 2 9 )  then becomes 

where 

u 
m = i  

(35) 

= o ,  m > n  

( I n  the case of 
e quat ion 

M 1 1 ,  f o  5 fNv.) Equation (36) may be wr i t t en  as the  matrix 

where 

[DI = 

1 0 0 o . . .  
-1 1 0 o . . .  
0 -1 1 o . . .  
0 0 -1 l . . .  

- - 

(39) 
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N ~ W  equation (38) i s  equivalent t o  equation (31) and 

Thus, the elements of [A] can be determined from equation (u), following 
which t h e  elements of [B] can be computed using equations (33). The real 
depths &I, &2, . . . are then readi ly  calculated from equation (34). 

It was pointed out i n  t h e  previous section t h a t  the overlapping polyno- 
m i a l  program employs t h e  lamination method t o  obtain starting values. The 
e n t i r e  computation may be car r ied  out using the lamination technique i f  spe- 
c i a l  control  cards are used i n  t h i s  program (see appendix B) .  

The Contiguous Parabola Method 

A second-order polynomial lamination technique f o r  converting topside 
ionograms t o  
c ip le ,  t he  method i s  similar t o  the  overlapping polynomial technique except 
fo r  two inportant  differences : t he  polynomial i s  of second order (i .e. ,  par -  
abol ic ) ,  and the laminations do not overlap but are contiguous. 
t h a t  e i t h e r  t h e  overlapping polynomial or  contiguous parabola programs can be 
applied t o  topside p r o f i l e s  with equivalent accuracies f o r  t he  same number of 
scaled h ' ( f )  points .  
can the  s ing le  polynomial or lamination programs and each gives higher accu- 
racy than t h e  lamination technique f o r  a given number of h ' ( f )  data  points.  

N(h) p ro f i l e s  has been described by Doupnik (ref. 20). I n  p r in -  

It i s  believed 

Each can be used for a wider c l a s s  of ionograms than 

For nathematical d e t a i l  concerning the contiguous parabola program t h e  
reader i s  re fer red  t o  t h e  report  by Doupnik (ref. 20) who has supplied Ames 
Research Center with a "parabolic i n  In f N t l  d i g i t a l  computer program which 
has been modified t o  accept input data i n  the standard Ames format (appen- 
dix B ) .  
height axis and hence do not represent "parabolic layers ."  
and i n  I n  fn  
Doupnik (ref.  20). 
described i n  appendix C. 
included i n  the next section. 

It should be noted t h a t  t he  s e r i e s  of  parabolas open along t h e  r e a l  
Parabolas i n  f N  

The output format f o r  the contiguous parabola program i s  
can be used and each has cer ta in  advantages, as discussed by 

Some t e s t s  of the accuracy of t h e  method are 

DISCUSSION OF RESULTS, SELECTED EXAMPLES 

I n  t h i s  section, a descr ipt ion is given of tests made t o  determine the  
accuracy of the computations described i n  the previous section. 

Examples are presented of a number of 
t o  the  d i g i t a l  computer. N(h) p r o f i l e s  deduced using t h e  
d i f f e ren t  techniques described can then be compared and the  r e l a t i v e  accuracy 
of each technique assessed. Other fac tors  affect ing the  s u i t a b i l i t y  of a par -  
t i c u l a r  technique when applied t o  rout ine ionogram reduction are a l so  reviewed 
b r i e f ly .  
a t ta ined  with scal ing and reduction techniques t h a t  a r e  su f f i c i en t ly  shor t  t o  

h' ( f )  curves used as input data  
The corresponding 

An attemp5 i s  made t o  estimate the over-al l  accuracy which can be 
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Fig.  3 . -  The accuracy t o  which a n  assumed expo- 
nent ia l  topside e lec t ron  d e n s i t y  p r o f i l e  can 
b e  recovered,from an ana lys i s  of t h e  cor re-  
sponding h$(f)  curve, by t h e  s i n g l e  polyno- 
m i a l  technique. 

enable la rge  numbers of ionograms t o  be 
reduced t o  N(h) p r o f i l e s  i n  an  econom- 
i c a l  and rapid manner. 

I n  order t o  check t h e  accuracy of 
t he  computations, two kinds of t es t s  
were devised. I n  the  f i r s t  of these  
(described below under the  heading No - 
Field Case) a model ionosphere is  
assumed such t h a t  a simple a n a l y t i c a l  
expression e x i s t s  f o r  t h e  v i r t u a l  depth 
as a funct ion of frequency. This 
expression i s  used f o r  computing the  
h ' ( f )  curve t o  any desired accuracy. 
This provides a t e s t  ionogram which may 
be read i n t o  the  d i g i t a l  computer as a 
da ta  curve containing e s s e n t i a l l y  zero 
scal ing e r ro r s .  The N(h) p r o f i l e  
deduced by the d i f f e ren t  computer reduc- 
t i o n  techniques can then be compared 
with the  exact ly  known s t a r t i n g  N(h) 
model and hence the  absolute accuracy 
of t he  computations can be assessed. 

I n  t h e  second kind of t e s t ,  an  
l l h ; ( f ) C U R V E  a c t u a l  topside ionogram i s  read and a 

t a b l e  formed giving values of h '  and 
1200 corresponding values of f .  The N(h) 

p r o f i l e s  deduced using the  various 
Fig. 4 . -  The accuracy t o  which an assumed expo- reduction techniques together with the  

0 2 4 6 8  
f, MC/S 

nent ia l  topside e lec t ron  dens i ty  p r o f i l e  can t abular  values of h '  and f are then ~- 
be recovered, from an ana lys i s  of t h e  cor re-  
sponding -h$(f)  curve, by t h e  contiguous 
parabola technique. 

0 

200 0 COMPUTED 

400 

E 

i a 
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x 

BOO 

MODEL 

I D 0 0  1 COMPUTED h i  ( f )  CURVE \ 
1200L I I I I I I I I 

0 2 4 6 8  
f. MC/S 

compared. The e r ro r s  i n  reading h '  
and f can be estimated by comparing 
the  N(h) p r o f i l e  deduced from a number 
of independent readings of a given 
ionogram. Further d e t a i l s  are given i n  
the  following paragraphs. 

No -Field Case 

When there  i s  no magnetic f i e l d ,  
it i s  poss ib le  t o  choose r e a l i s t i c  ana- 
l y t i c  approximations t o  topside prof i les  
which are amenable t o  exact closed-form 
solut ions of equations (lo), (11) and 
(12). One such topside model i s  an  

Fig.  5 . -  The accuracy t o  which a n  assumed expo- 
nent ia l  topside electron density can decay Of plasma density with 
be recovered, from an ana lys i s  of t h e  cor re-  real  depth corresponding t o  the  curve 
sponding 
polynomial technique. Ah = 400 l n  f h i ( f )  curve, by t h e  overlapping 

and shown as t h e  upper curve i n  f i g -  
gures 3, 4 and 5 .  The corresponding 
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h' = 400 cosh-l f 

Corresponding values of h ' ( f )  are pre-  
sented i n  the  f i rs t  two columns of 
t a b l e  I1 and p lo t t ed  as t h e  lower curve 
i n  figures 3, 4 and 5 .  

Values of h' and f computed from 
t h e  above expression were read in to  t h e  
d i g i t a l  computer and the  
deduced using the  s ingle  polynomial, 
contiguous parabola, and overlapping 
polynomial techniques. The correspond- 
ing computed 
technique a r e  shown as c i r c l e s  i n  f ig -  
ures 3, 4 and 5 from which it can be 
seen t h a t  t h e  a s s u e d  p r o f i l e  i s  recov- 
ered t o  a high degree of accuracy. 
Table I1 shows t h e  values of Ah com- 
puted with the  overlapping polynomial 
technique (column 3) together with the 
exact values. It i s  seen t h a t  the 
f ( b )  curve i s  recovered everywhere t o  
b e t t e r  than -1 km with a mean d i f f e r -  
ence between t h e  computed and exact 
N(h) curves of l e s s  than 0.4 km. 

N(h) p r o f i l e  

f (&) points  f o r  each 

Magnetic Field Included 

When the  magnetic f i e l d  s t rength 
i s  f i n i t e ,  there  i s  no analyt ic  p r o f i l e  
model avai lable  which i s  amenable t o  
exact closed-form so lu t ion  as above. 
Hence, it i s  not possible  t o  check t h e  
absolute accuracy of a given reduction 
technique o r  associated computer pro- 
gram. However, t h e  r e l a t i v e  accuracies 
may be estimated by comparing the  N(h) 
p r o f i l e  deduced by each technique from 
a given set  of h' ( f )  points.  For 
t h i s  purpose the  NASA Topside Working 
Group has chosen a working ionogram 

F 

E 
1 

L 

ig . 

0 

500 

1000 

0 .  - 

5 15202535 4 5  55 657075 8 5  95 105 
FREOUENCY. MC/S 

. m i c a 1  e c i a t o r i a l  Alouette t m s i d e  - _ _  
iocogram used 2s stazdard t e s t  for  reduc- 
t im  of Alo7iette I J ( ~ )  data .  m e  ionogram 
w2s recorded a t  Singzpore on Alouette pass  
Ember 697 on i'oveaber 19, 1962, a t  0810 'UT. 
The l a t i t d d e  znd lor4 i tude  of t he  s u b s a t e l l i t e  
point was 11.6O S and ll7.2O E, respec t ive ly .  
A t  t h i s  time the  s a t e l l i t e  was a t  an  a l t i t u d e  
of 1003.2 km, and the  e l ec t ron  gyrofrequency 
at  the vehic le  was 0.81 Mc/s. 
nary and Extraordinary t r a c e s  and a weak 
Z-trace a r e  evident i n  addi t ion  t o  plasma 
end gyrofrequency resonances. 

Strong Ordi- 

0 E TRACE 
E mn 0 0 TRACE 

, 0 0 0 L I  I I I I I I I I I 
0 2 4 6 8 IO 

f, mc/s- 

Fig.  7 . -  P l o t  of hA(f) and h;(f) f o r  t es t  iono- 
gram of f i g u r e  6. See t a b l e  I11 f o r  values.  

taken from an ac tua l  Alouette I frame ( f ig .  6) .  
values of 
t h e  Topside Working Group. 
t h e  various reduction programs. 

Table I11 l i s t s  d ig i t i zed  
hA(f) and hA(f), as scaled from f igure 6 by one representat ive of 

These values are t o  be used as standard inputs t o  
The c i rc les  and squares i n  f igure  7 a r e  p l o t s  



of these tabulated points;  smooth l i nes  jo in  them. Each member organization 
of t he  Topside Working Group computed an 
t ab le  111. Different reduction techniques were employed and a smooth com- 
pos i t e  p ro f i l e  based on a l l  t he  resu l t ing  
Working Group i s  shown i n  f igure  8 and tabulated i n  t ab le  I V .  

N(h) p r o f i l e  using the  data  of ' 

N(h) data  as drawn by the  Topside 

The 
Center reduction programs. N(h) p ro f i l e s ,  f o r  the  l i n e a r  lam-  
ination, contiguous parabola and overlapping polynomial programs a r e  shown i n  
figures 9, 10 and 11, respectively.  

h ' ( f )  data  of t ab le  I11 were used as inputs t o  t h e  Ames Research 
The resu l t ing  

In  each of these f igures  the  squares 

100 

200 - 

E 300 - 

$400 - 

- 

z 

500 

600 1 
700 , I I I I , , , , I  

0 I 2  3 4 5 6 7 8 9 IO 
f, MC /S  

Fig. 8. - "Composite" Topside Working Group 
e lec t ron  density p r o f i l e  r e su l t i ng  from 
reduction of t he  tabula ted  values of t he  
tes t  ionogram by a t  l e a s t  e igh t  d i f f e r e n t  
computer programs as provided by a t  l e a s t  
four d i f f e r e n t  research groups. The graph 
i s  a "mean" curve through poin ts  having a 
typ ica l  s c a t t e r  of k 1  t o  2 km. 

- COMPOSITE TOPSIDE WORKING '1 { 0 GROUP E TRACE PROFILE 

(f, VARIES AS INVERSE CUBE1 ! 0 0 TRACE ( f u  CONSTANT1 
5 300 

7ooL I I I I I I I I I I 

0 2 4 6 8 IO 
f , Mc/s- 

Fig. 10.-  Test of NASA Ames Research Center tech-  
niques for  t h e  reduction of h ' ( f )  curves t o  
N( h) p r o f i l e s  (contiguous parabola technique - 
see t a b l e  I ) .  The input da ta  were t h e  values 
i n  tab le  111. An inverse cube height va r i a t ion  
i s  allowed f o r  i n  the  E t r a c e  ana lys i s ;  con- 
s tant  f H  i s  assumed i n  the  0 t r ace  ana lys i s .  

100 O r  t 

200 1 
E 
1 300- 
c- 

i 400: 500 

600 - 

- COMPOSITE TOPSIDE 
WORKING GROUP PROFILE 

0 E TRACE (fH VARIES AS \ INVERSE CUBE) 
0 0 TRACE (f, CONSTANT) 

, O O L l  I I I I I I I I I 

0 2 4 6 8 IO 
f, MC/S - 

Fig. 9.-  T e s t  of NASA Ames Research Center tech-  
nique f o r  t he  reduction of 
N(h) p r o f i l e s  (lamination method - see 
t a b l e  I ) .  The input  da ta  were the  values i n  
t a b l e  111. An inverse cube he ight  va r i a t ion  
is  allowed for i n  t he  E t r a c e  ana lys i s ;  con- 
s t a n t  fH i s  assumed i n  the  0 t r a c e  ana lys i s .  

h ' ( f )  curves t o  

-COMPOSITE TOPSIDE WORKING 

0 E TRACE ( f ~  VARIES AS I 0 0 TRACE ( f "  CONSTANT) 

GROUP PROFILE 

DEDUCED INVERSE CUBE 1 5 300 
5 400 
5001 

600 

7 o o ; l  2 I I I I 6 I I 8 I I IO I 

f ,  MC/s- 

Fig. 11.- The accuracy with which an overlapping 
polynomial technique produces r e s u l t s  compa- 
r ab le  wi th  t h e  "composite" p r o f i l e  of f i g -  
ure 8 (continuous curve) .  The h'(f) values 
of t a b l e  I11 were used as input data.  An 
inverse  cube height va r i a t ion  i s  allowed for 
i n  t h e  E t r a c e  ana lys i s ;  constant fH i s  
assumed i n  t h e  0 t r a c e  ana lys i s .  
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. 
represent t h e  p r o f i l e  deduced from the  tabulated Extraordinary t r ace  data  and 
the  c i r c l e s  represent the  p r o f i l e  deduced from t he  tabulated Ordinary t r ace  
data. The smooth curve i s  the  Topside Working Group's composite p r o f i l e  of 
f igure  8. 
Topside Working Group's curve, with the  contiguous parabola and overlapping 
polynomial techniques giving a more accurate p r o f i l e  than the  l i nea r  l m i n a -  
t i o n  method. Numerical values of f N  and Ah deduced from the  Extraordinary 
and Ordinary t races ,  using the  overlapping polynomial program, a r e  presented 
i n  t a b l e  V. 

I n  a l l  cases, the deduced N(h) p ro f i l e  agrees wel l  with the  

Scaling Accuracies 0 

The main e r ro r s  i n  ionogram-profile 

Since the  basic  prob- 
reduction a r i s e  from inaccuracies i n  ES 

ionogram scal ing.  
lem concerns the  rapid, but accurate, 
reduction of la rge  quant i t ies  of topside 7 6oo 
ionograms e lec t ronic  d ig i t i z ing  machines, 
r a the r  than manual scal ing techniques, 
have been pr imari ly  employed. The I 

squares i n  f igu re  I 2  show the  Extraor- 
dinary t r ace  of the  ionogram of f igure  6 
scaled using a ~~~~~~-h,~~ OSW-F 
e lec t ronic  d i g i t i z e r .  The smooth curve 
of f igure  7, representing ta3ulat ions 
of t he  same t r a c e  by the  Topside Working , 
Group, i s  sqer inposed .  It i s  c l ea r  

even when the  curves a r e  carefully,  but 

var ia t ions  of -4 km a r e  l i k e l y  t o  occur 
i n  the  
scal ing e r rors .  Figure 13 compares the  

h' ( f )  data  of f igure  I 2  as inputs t o  
the  overlapping polynomial program 

0 2 4 6 E IO 
f, mc/s - 

Fig. 12.- Comparison of ionogram scaling produced 
by t w o  independent groups. 

1 - E TRACE TAEULATED VALUES 

I 0 ETRACE SCALING 

100 - 
t h a t  e r ro r s  of -10 km i n  h' can a r i s e  (fn VARIES AS INVERSE CUBE) 

(f, VARIES AS INVERSE CUBE1 f a i r l y  rapidly,  scaled. Thus random - 5 300 

i4,, 
N(h) p r o f i l e  as a r e s u l t  of Lil- 

deduced p r o f i l e  using the d ig i t i zed  6M) - 

I I I I O I I I I  

2 4 6 8 IO 
f ,  mc/s- 

ionogram scaled by t w o  independent groups 
by an  overlapping polynomial program. 

7006 
(squares with the profile deduced with Fig. 13. - p r o f i l e s  computed from t h e  t es t  
t he  same program using the  h' ( f )  data  
of t a b l e  I11 as inputs (smooth curve). 

Variation of Magnetic Field Strength With Height 

It i s  important t o  note, t ha t ,  especially f o r  t he  topside ionosphere, it 
is necessary i n  the  computations t o  allow for  t h e  va r i a t ion  of t he  magnetic 
f i e l d  s t rength  with height, p a r t i c u l a r l y  f o r  Extraordinary t r ace  analysis .  
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when a constant e l ec t ron  gyrofrequency i s  
replaced by an inverse-cube v a r i a t i o n  of 
gyrofrequency with depth below t h e  Alouet te  
s a t e l l i t e .  In both cases the  reauc t ion  of  
the E t r a c e  w a s  ca r r i ed  o u t  by t h e  over- 
lapping polynomial method. 

Fig.  1 4 .  - Improvement of t h e  computed p r o f i l e  

UTED fN (Ah) PROFILE 

5 I O  I5 2025 30 35 40 45 
f,  MC/S-' 

Fig. 15. - The manner i n  which an  observed n igh t -  
time ionogram having a deep cusp i n  t h e  E 
t race  corresponds, when computed by t h e  over- 

The c i r c l e s  i n  f igu re  14 represent  t he  
p r o f i l e  deduced from the  Ordinary t?ace 
h ' ( f )  t e s t  ionogram ( t a b l e  111) assum- 
ing a constant gyrofrequency with 
height.  The squares represent t he  pro-  
f i l e  deduced from the  Extraordinary 
t r a c e  ( t a b l e  111) again assuming a 
constant gyrofrequency. The smooth 
curve represents the  p r o f i l e  deduced 
from the  same Extraordinary t r a c e  when 
the gyrofrequency i s  assumed t o  
increase with depth according t o  an 
inverse-cube l a w .  S igni f icant ly  b e t t e r  
agreement between the  p r o f i l e s  deduced 
from the  Ordinary and Extraordinary 
t r ace  da ta  i s  achieved when the  height-  
varying gyrofrequency i s  employed. 

Nighttime Ionograms 

The ionograms so  far presented 
( f i g s .  3 and 6 )  have shapes typifying 
daytime conditions i n  the  topside ion- 
osphere. A t  night t he  appearance of 
the ionograms i s  d i f fe ren t ,  the  h * ( f )  
curve showing a sharp cusp a t  low f r e -  
quencies ( f i g .  15). Such rapid changes 
of h' with f can severely t a x  the  
a b i l i t y  of many computer techniques t o  
produce a reasonable p r o f i l e .  Clearly, 
the  s ing le  polynomial technique cannot 
be applied i n  such cases and ne i ther  
can a lamination technique using la rge  
values of lamination depths. The con- 
tiguous parabola and overlapping poly- 

lapping polynomial technique, t o  a smoothly 
varying fN(&) p r o f i l e .  

nomial techniques are adequate, however, 
and y i e l d  sa t i s f ac to ry  r e s u l t s .  

Figure 15 i l l u s t r a t e s  data  from an ac tua l  Alouette nighttime ionogram. The 
p ro f i l e  deduced by the  overlapping polynomial program is  a l s o  shown i n  t h i s  
f igure and the associated numerical data  a r e  presented i n  t ab le  VI. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Cal i f . ,  Mar. 8, 1965 
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APPENDIX A 

INSTRUCTIONS FOR SCALING TOPSIDE h ' ( f )  RECORDS 

INTRODUCTORY COMMENTS 

The purpose of t h i s  appendix i s  t o  document de ta i led  specif icat ions f o r  
t he  sca l ing  of Alouette I ionograms as data  inputs t o  t h e  N(h) d i g i t a l  com- 
puter  programs described i n  t h e  text. I n  general, these specif icat ions apply 
f o r  t he  contiguous parabola and overlapping polynomial programs. Minor addi- 
t i o n a l  considerations per t inent  t o  the  lamination and s ingle  polynomial pro- 
grams are discussed a t  the  conclusion of t he  appendix. 

"Scaling" (o r  "reading") the  curve is concerned with t h e  representation 
of an Extraordinary and/or Ordinary topside ionogram by a f i n i t e  number of 
p a i r s  of h' and f values measured a t  sui table  in t e rva l s  along t h e  trace. 
!The accuracy and number of scaled points  required f o r  computing accurate pro- 
f i l e s  with the  techniques avai lable  are considered. In  pract ice ,  t h e  Extraor- 
dinary t r ace  i s  usually scaled since it is  the  more frequenty observed i n  
i t s  en t i r e ty .  Hence, reference w i l l  be made t o  that t r ace  only; scal ing pro- 
cedures f o r  the Ordinary t r ace  are similar. 

FOFWITS 

A s  described elsewhere i n  this report ,  two d i s t i n c t  computer programs 
are u t i l i z e d  f o r  converting ionograms t o  prof i les .  One program, described 
i n  reference 10 and designated here as t h e  program, requires,  as iono- 
gram data  input, t h e  frequency, f,, at  which t h e  Extraordinary t r ace  has 
zero virtual depth, t h a t  is, 
of fm measured t o  20.5 second. The input ionogram data  format f o r  t h i s  
program is shown i n  t a b l e  V I I .  
data required are t h e  pass number, date and telemetry s ta t ion .  Table V I 1 1  
i l l u s t r a t e s  t h e  pos i t i ona l  data  input format f o r  t h e  Nv  program. This t a b l e  
contains the longitude, l a t i t u d e  and height of the satel l i te  f o r  the  given 
pass and date  a t  times 1 minute apar t  such t h a t  the time of fxv given i n  
t a b l e  V I 1  f a l l s  between these two times. Whether or not t h e  satel l i te  i s  i n  
sunl ight  a t  the time s t ipu la t ed  i s  indicated by an a s t e r i sk  or a blank i n  
column 41; f o r  convenience the  planetary index of magnetic a c t i v i t y ,  Kp, a t  
t h e  time i s  a l s o  l i s t ed .  A l l  pos i t iona l  data, i n  the format of t ab le  VIII, 
i s  punched by hand from ''world maps" defining t h e  Alouette I o rb i t .  
i l l u s t r a t e s  t he  output format f o r  t h i s  Nv program. Several, bu t  not a l l ,  
of t he  output parameters are required as inputs t o  t h e  

q(f) = 0, together with t h e  time of occurrence 

I n  addi t ion. to  t h e  time and frJ, auxiliary 

Table M 

N(h) programs. 

Tables X and X I  (appendix B) show the ident i f ica t ion  card input format 
and parameter card input format f o r  t h e  
mon t o  t ab le s  M, X and X I  are pass number, date, time, dip angle, 

N(h) programs. The parameters com- 
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gyrofrequency a t  the  vehicle,  fHv and fxv. 
quant i t ies  dip angle and f H v  may be entered i n  t h e  N(h) input format only 
after the  Nv program has been run. Table X I 1  i l l u s t r a t e s  the  frequency- 
v i r t u a l  depth data  input format which contains a l l  h' and f p a i r s  f o r  a 
given ionogram excluding the  f,, value. The reader i s  re fer red  t o  r e f e r -  
ence 10 and appendix B herein f o r  f u r t h e r  necessary d e t a i l  on input card 
f omat  s . 

It should be noted t h a t  t he  

IONOGRAM QUALITY AND VARIABILITY 

Figures 16 and 1-7 i l l u s t r a t e  "good" Alouette ionograms inasmuch as the  
Extraordinary t r a c e  has no la rge  gaps, i s  narrow i n  width (< 0.1 Mc/s i n  
thickness a t  s m a l l  
has f a i r l y  sharp contrast .  These ionograms a r e  r a the r  e a s i l y  scaled.  Fig- 

h' and < - 20 v i r t u a l  km i n  thickness a t  g rea t e r  h' ), and 

500 T 
G 600 - - LEADING EDGE, 

di t ions ,  shows t o  be a smooth, 
monotonically increasing, single-valued 
function of f,. On the  other  hand, 
f i gu re  17 i s  t y p i c a l  of nighttime quie t  
conditions where fx i s  a multivalued 
funct ion of < due t o  the  evident 
cusp ( la rge  group re ta rda t ion)  a t  f r e -  
quencies only s l i g h t l y  higher than 
fxv. Considerable care must be exer-  
c ised i n  the  sca l ing  of t he  l a t t e r  ion- 
ogram and addi t iona l  h '  and f pairs - 

f .  M C / S  - may be required f o r  equivalent accuracy 

"poor" ionogram typ ica l  of "spread" 
Fig .  16. - "Good" Alouet te  I ionogram i l l u s t r a t i n g  (see below). ~i~~~~ 18 illustrates a 

t y p i c a l  daytime t r a c e s  and t h e  s a t e l l i t e  
t race .  
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ionospheric conditions. Clearly, any 
attempt t o  sca le  the  l a t te r  would lead 
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Fig. 17. - "Good" Alouet te  I ionogram i l l u s t r a t i n g  Fig.  18. - "Poor," b u t  s ca l ab le ,  Alouet te  I iono- 
gram i l l u s t r a t i n g  t y p i c a l  d i s tu rbed  ionospheric t yp ica l  nighttime Extraordinary and s a t e l l i t e  

t races .  condi t ions .  
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only t o  a rough, f i r s t - o r d e r  estimate of the r e a l  height. 
, will be encountered i n  analyses of Alouette I records w i l l  range i n  qua l i ty  

and v a r i a b i l i t y  between those i l l u s t r a t e d  i n  f igures  16 t o  18. 
noted from these f igures  t h a t  the  s a t e l l i t e  t r ace  (equivalent t o  the  ground 
pulse i n  ground-based sounders) provides the zero v i r t u a l  depth measurement 
and must therefore  a l so  be of "good" quali ty.  

The ionograms which 

It should be 

GENERAL SCALING PROCEDURF: 

The bas i c  requirement i s  t o  tabulate  a t  a s e t  of d i sc re t e  frequen- 
c i e s  f o r  t he  Extraordinary t r ace  from 
t h a t  far, or t o  the  highest  observable fx. The Extraordinary t r ace  i s  always 
the  one that begins and ends f a r t h e s t  t o  t he  r i g h t  on a given ionogram. 

f, t o  fxF2 when the t r ace  extends 

All h' and f points  should be scaled a t  the  leading edge of the t r ace  
(see f i g s .  16 t o  18). 

The zero-depth reference i s  always the leading, t h a t  is, top, edge of 
the  s a t e l l i t e  t race .  
edge of the  s a t e l l i t e  t race .  
quency markers. 
markers can be used. 

The zero height marker should coincide with the  leading 
Frequency ca l ibra t ion  i s  afforded by the  fre- 

Linear interpolat ion between height markers and frequency 

I n  general, sca l ing  should only  be attempted, and w i l l  only be r e l i ab le ,  
when t h e  leading edge is  f a i r l y  w e l l  defined and when no la rge  gaps e x i s t  i n  
the  t r a c e  ( see  f i g s .  16 and 17). Ionograns with gaps of l e s s  than 0.5 Mc/s, 
or even i n  some cases up t o  1 Mc/s, may be scaled by simply reading a smoothly 
drawn curve through the gap bearing i n  mind the shape of the  t r ace  on s imilar  
days o r  on other  ionograms within the  pass. 

When the  h ' ( f )  t r ace  shows signs of severe sca t t e r ing  or masking by 
resonances, spurious responses, spread F, overlapping of Ordinary and Extraor- 
dinary t races ,  e t c . ,  it may not be possible t o  sca le  a given ionogram. If the 
masking is  local ized,  pa r t i cu la r ly  near fxF2, it may s t i l l  be worthwhile t o  
sca le  t h e  ionogramby drawing a smooth curve across the  l o c a l l y  masked area 
bearing i n  mind the  shape of the  t r ace  on similar days or on other  ionograms 
within the  pass. 

From an  ionospheric physics viewpoint, very in t e re s t ing  e f f e c t s  a r e  of ten 
prevalent on ionograms recorded during disturbed, r a the r  than quiet ,  condi- 
t ions .  Hence, with some s a c r i f i c e  i n  r e l i a b i l i t y ,  it may be advantageous t o  
sca le  ce r t a in  types of spread ionograms. An example is  given i n  f igu re  18. 
It should be noted t h a t  t h i s  ionogram has an e a s i l y  iden t i f i ed  Extraordinary 
t r a c e  but  has considerably more spread than the  corresponding t r a c e  of f i g -  
ures 16 and 17. 
down t o  about 800 v i r t u a l  km and a comarat ively well-defined leading edge 
the rea f t e r .  One can therefore  construct a sca lab le  t r ace  by d r a w i n g  a smooth 
curve, from 0 t o  800 v i r tua lkm,  ve r t i ca l ly  above t h e  t r a i l i n g  edge by an 
amount roughly equivalent t o  the  width of t he  s a t e l l i t e  t r ace ,  approximately 

The t r ace  has a r a the r  well-defined t r a i l i n g  edge from 0 
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20 v i r t u a l  km i n  such a manner t h a t  it smoothly jo ins  the  leading edge a t  
grea te r  depths. 
c i a 1  procedure has had t o  be used. 

Such data  should be marked with a s ign t o  ind ica te  t h i s  spe-* 

SPECIFIC SCALING DETAILS 

There i s  no absolute c r i t e r i o n  f o r  t he  number and densi ty  of scaled 
poin ts .  
c r i t e r i a  below, be used. 
can be read, pe r  un i t  t i m e ,  with no increase i n  accuracy. 
10 points i s  usually needed, r a r e l y  more than 15 t o  20. 

It is  necessary t h a t  a minimum number of scaled points ,  meeting the  

A minimum of 8 t o  
Overscaling decreases the  number of ionograms which 

For t races  of the  type shown i n  f igu re  16 the  leading edge i s  scaled a t  
The remainder of about 0.05 t o  0.1 Mc/s in te rva ls  f o r  t he  f i r s t  few points .  

the  curve i s  scaled a t  in te rva ls  of about 0.5 t o  1 Mc/s. For an accurate 
N( h)  p r o f i l e ,  these remaining values 
should be very carefu l ly  scaled.  
t yp ica l  example i s  given i n  curve a of 
f igure  19. A t o t a l  of not more than 

be su f f i c i en t .  

A 

TYPICALSCALINGLOCATIONS 10 p a i r s  of values of h' and f should 

For t races  of t he  type shown i n  
f igure  17 it i s  necessary t o  sca l e  i n  
s teps  of between 0.01 and 0.05 Mc/s 
from fxv down t o  and around the  cusp, 
s o  t h a t  a t  l e a s t  7 or 8 poin ts ,  includ- 
ing t h a t  a t  the  cusp, a r e  recorded i n  

Fig.  1.9. - Typical daytime and nighttime sketched t h i s  in te rva l .  Following t h i s ,  Scaling 

0 1 2 3 4 5 6 7  
f, MC/S-- 

Extraordinary t r a c e s  wi th  suggested sca l ing  
loca t ions .  

i s  done i n  in t e rva l s  of 0.2 t o  1 Mc/s. 
Examples a r e  given i n  curve b of f i g -  
ure 19 and i n  f igure  15. A minimum of 

about 10  p a i r s  of h' and f values a r e  normally required f o r  ionograms having 
"low" cusps with as many as 20 required f o r  more extreme cases. 

It i s  always necessary t o  ensure t h a t  successive frequency readings 
increase monotonically (assuming t h a t  the  t r ace  i s  scaled i n  the  d i r ec t ion  
from f,, t o  fxF2). 

I r r egu la r i t i e s  with a sca l e  of < 0.1 Mc/s or < 5 -7irtual km should be 
smoothed out unless otherwise advised (e.g. ,  f o r  spec ia l  s tud ie s ) .  

The input formats require h,: t o  be rounded off t o  the nearest  km and 
fx  t o  the nearest  0.01 Mc/s. 

LAMINATION PROGRAM 

I n  pr inc ip le ,  it i s  possible  t o  achieve equivalent accuracies with the  
lamination technique as compared with the  contiguous parabola or overlapping 
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polynomial techniques. However, t h i s  requires a s igni f icant  increase i n  the  
Qmber of p a i r s  of h '  and f values (generally two t o  three times as many, 
Thomas and Vickers (ref.  19)) otherwise, the above scal ing procedures apply. 

and 18. 
t h e  s ing le  polynomial program. 

Ionograms showing cusps (as f ig .  17) should never be reduced using 
Otherwise, the above scaling procedures apply. 

SINGLE POLYNOMXL PROGRAM 
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APPENDIX B 

INPUT FORMATS 

The observed topside ionogram da ta  ( t h e  h ' ( f )  curves) a r e  read i n t o  the  
d i g i t a l  computer on punched cards, t he  same format being used f o r  each of the  
d i f f e ren t  programs. Special  cont ro l  cards a re ,  however, required f o r  s e l e c t -  
ing cer ta in  program options. 

The standard input cons is t s  of t h ree  types of cards. These a r e  an iden- 
t i f i c a t i o n  card, a card containing parameters, and a group of cards containing 
frequency and v i r tua l  height p a i r s ,  four  p a i r s  pe r  card.  
t h ree  types of input cards a r e  shown i n  t ab le s  X, X I  and X I I .  

Formats f o r  these  

It should be noted ( t a b l e  X I )  t h a t  i f  t he  decimal po in t  i s  included, t he  
quant i t ies  
f i e d  f i e lds .  
t o  l i e  between the  second and t h i r d  pos i t ions  from the  r i g h t  i n  t h e  
and between t h e  t h i r d  and four th  pos i t ions  from the  r i g h t  i n  t h e  
(or fxv) f i e l d s .  

Iv, fHv and f, (or fxv) may be placed anywhere within the  spec i -  
The decimal po in t  may be deleted,  i n  which case it i s  understood 

Iv f i e l d ,  
fHv and fv  

The frequency and v i r t u a l  depth da t a  ( t a b l e  X I I )  may be punched with any 
format whatever, i n  t he  spec i f ied  f i e l d s ,  i f  the  decimal po in t  i s  included. 
If the  decimal po in t  i s  deleted,  it is  understood t o  l i e  between the  second 
and th i rd  pos i t ions  from the  r i g h t  i n  t h e  frequency f i e l d s ,  and t o  the  r i g h t  
of t h e  right-most pos i t i on  i n  the  v i r t u a l  depth f i e l d s .  It should be pointed 
out t ha t  t he  f i rs t  frequency and v i r t u a l  depth p a i r  on the  f i rs t  of a s e t  of 
da ta  cards is not t he  reading corresponding t o  zero v i r t u a l  depth, bu t  r a the r  
i s  the  f i r s t  reading a t  a f i n i t e  v i r t u a l  depth. 

The s ingle  polynomial program and the  contiguous parabola program w i l l  
accept standard data  as described above. 
N(&) values, which i s  rout ine ly  pr in ted  out  by the  s ing le  polynomial program, 
may be deleted i f  a "1" is  punched i n  colwnn.72 of t h e  ionogram i d e n t i f i c a t i o n  
card. 
gram. ) 

A s m a r y  t a b l e  of in te rpola ted  

(This s m a r y  t a b l e  i s  never prepared by the  contiguous parabola pro- 

The overlapping polynomial program i s  normally used with a th ree  -point 
l i n e a r  lamination method start ,  and in te rpola ted  t ab le s  of N versus Ah and 
sca l e  height versus Ah a r e  rout ine ly  saved. This procedure uses the  s tand-  
a rd  data, as described i n  the  foregoing paragraphs. If it is desired t o  use 
other  than a three-yoint lamination s tar t  ( o r  t o  compute t'ne e n t i r e  ionogram 
with the lamination method), or if  it i s  desired t o  de l e t e  t he  two interpo- 
l a t e d  tables ,  then a modified version of t h e  overlapping polynomial program 
i s  used, and a cont ro l  card of t he  format described i n  t a b l e  X I 1 1  i s  placed 
behind the data  f o r  each ionogram t o  be computed. 

I n  a l l  cases, a blank card i s  placed behind the  l a s t  card i n  a run. 
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APPENDIX C 

OTJ'TPUT FORMATS 

Detailed pr in touts  are made f o r  each ionogram. Examples a re  shown for 
an Extraordinary t r a c e  computation using the overlapping polynomial program 
and the  contiguous parabola program i n  tables  X I V  and XV, respectively.  It 
should be noted that pass number, date, time, dip angle I,, gyrofrequency at  
the  vehicle  fHv and Extraordinary ray frequency a t  the  vehicle  fxv, appear 
i n  the  heading. 
t ron  densi ty  a re  pr inted.  
"detai led output" a re  defined below. 

"hen columns of frequency, r e a l  and v i r t u a l  depth and e lec-  
The column headings f o r  t he  Extraordinary ray 

Quantity 0ver.lapping polynomial Contiguous parabola 

h' H PRIME 

f' F PRIME 
Ah DELTA. H 
N ELECTRON DENSITY 

fX Fx 

Real height - - -  
Gyrofrequency - - -  

H 
F 
F N  
DELTA H 
DENSITY 
Z 
FH 

"he two columns labe l led  A and B i n  t a b l e  XV a r e  intermediate quant i t ies  and 
have no physical  meaning. 

I n  the  case of an Ordinary t r ace  computation, t he  column for fx  (F'X) 
does not appear, and f '  (F  PRIME) i s  replaced by f (F) ,  i n  t he  overlapping 
polynomial program de ta i led  output. 
contiguous parabola program; however, and the quant i ty  f apears i n  both 
columns F and FN of the  de ta i led  printout.  

Column headings a re  not changed i n  the  

4 sumrnary interpolated t a b l e  of electron densi ty  versus r e a l  depth i s  
ava i lab le  as output from the s ing le  polynomial and overlapping polynomial 
programs. I n  addition, a summary interpo-  
l a t ed  t ab le  of sca le  height versus r e a l  depth i s  ava i lab le  as output from the  
overlapping polynomial program. 
the  formula 

An exanrple i s  shown i n  t a b l e  X V I .  

The scale  height  i s  calculated by means of 

2LYhiN-i 
Scale height = 

N i + l  - N i - 1  

where here, Ahi  = A h ( N i )  - A h ( N i - 1 )  = i u l ( N i + l )  - A h ( N i )  = 50 Inn. 
of t h i s  output i s  shown i n  t ab le  XVII. 

An example 



Approximate computing times have been de-termined on an IBM 7094 c o q u t e r  
as f o l l o w s  : 

(a)  Single polynomial with N(&) summary t ab le ,  a 7-reading ionogram, 
0.015 minute. 

(b )  Overlapping polynomial with N(&) swnmary tab le ,  a 14-point iono- 
gram, 0.040 minute. 

( e )  Contiguous parabola program, a 14-point ionogram, 0.080 minute. 
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. 

CALCULATION OF GROUP RJ3FRACTIVE INDICES 

The Appleton-Hartree magneto-ionic equations ir- the formulation given by 
Becker (ref. 16) are  used here to compute the group refractive indices 
and 4. p; The following definitions are made; first, 

Ordinary ray 

P; = Gobo 

to 2 = 1- @9 

2 xo = 1 - to 

Then, for the Ordinary ray, 

Btraordinary ray 

= GXbX 

0 2 tx = 1 - f;/f;2 

2 

0 

where 

2 2 tan2 I M = l + t o  4 tan2 I 
1 +J1 + yt," = y's cos2 I ' 

2 tan2 I l +  
1 +4- 

2 tan2 I 1 + t; 
1 +J- 
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and f o r  the Extraordinary ray, 

where 

2 sin2 I 
1 + sin2 I 

, B =  4 sin2 I 

(1 + s in2  I ) ~  
a =  

I Y=?Y, ( j m - y , )  
2 1 - y  
X Y  

A =  t 

x = (1 - y)x, 

Some l imit ing conditions are: 

l im Go = 1 
t0+1 

lim G, = 1 
tx+l 
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TABLE I. - TABLE OF REFERENCES - [ THE NASA AMES RESEARCH CENTER DIGITAL 
- N(h) REDUCTION ARE DIRECTLY USED ON COMPUTER PROGRAMS FOR h ' ( f )  

THE TECHNIQUES DESCRJBE3 I N  THE MIDDLE COLUMN] 

Method 

Single polynomial 

~~ 

Overlapping 
polynomial 

Laminat ion 

Contiguous 
parabola 

General reviews 

App l e t  on -Hart r e e 
magneto -ionic 

theory 

Direct references 
~~~ 

Titheridge, 1961 ( r e f .  15)  

Thomas, Long and Westover, 
1963 ( r e f .  13) 

Thomas and Westover, 1963 
( r e f .  14)  

Titheridge, 1961 ( r e f .  15 )  

Budden, 1954 ( r e f .  17) 

King, 1954 ( r e f .  18) 

Thomas and Vickers, 1959 
( r e f .  19) 

Doupnik, 1963 ( r e f .  20) 

Becker, 1960 ( r e f .  16) 

Important re la ted  
references 

Unz, 1961 ( r e f .  21) 

Knecht, VanZandt and 
Watts, 1962 ( ref .  22) 

Paul and Wright, 1963 
( r e f .  23) 

F i t zen re i t e r  and Blumle, 
1964 ( r e f .  24) 

Jackson, 1956, 1963, 
( r e f s .  25, 26) 

Doupnik and Schmerling, 
1965 ( r e f .  27) 

Thomas, 1959 ( r e f .  28) 

Ratc l i f fe ,  1959 ( ref .  29, 
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TABLF: 11. - COMPARISON O F  EXPONENTIAL MODEL P R O F I L E  AND "3 P R O F I L E  DEDUCED ' 
FROM THE CORRESPONDING h' ( f )  CURVE USING THE O V E F U P P I N G  POLYNOMIAL 
METHOD 

h' J 
km 

0.0 
177 4 
248.9 
302.6 
346.8 

463'. 5 
385 * 0 

526.8 
626.7 

769.9 
825.4 
878.9 
917 - 0 
955.8 
991 2 
1024.0 
1054 - 0 
1081.0 
1107. o 

705 - 1 

f J  
Mc /s 

1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
1.75 
2.00 
2.50 
3.00 
3-50 
4.00 
4.50 
5-00 
5.50 
6.00 
6.50 
7.00 
7-50 
8.00 

la: 

Computed 

0.0 
37.5 
72.0 
103 - 9 
134.0 
161.6 
223 - 5 
276.9 
366.0 
439.1 
500.6 
553 * 9 
602.1 
644.2 
681.8 
716.6 

778.3 
805.7 
831.4 

748.6 

Exact 

0.0 
38.12 
72 - 93 
104.94 
134 * 59 
162. ig 
223.85 
277.26 
366.52 
439 * 44 
501.10 
554-52 
601.63 
643.78 
681. go 
716.70 

778.36 
805.96 
831.78 

748.72 
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TABLE 111.- TOPSIDE WORKING GROUP TEST IONOGRAM 

Telemetry s t a t ion :  Singapore Alouette a l t i t u d e  : 1003.2 km 
Pass: 697 (19 Nov. 1962) Subsa te l l i t e  longitude : 117.2' E 
Frame : 28( 0810 UT) Subsa te l l i t e  l a t i t u d e  : 11.6O S 

0 
fHv = 0.81 Mc/s; Dip angle = 41 

(h; and hi 
f and f, 

are Ordinary and Extraordinary ray v i r t u a l  depths (km), and 
are Ordinary and Extraordinary ray frequencies of r e f l e c t i o n  

) ) 

Ordinary t r a c e  

hb - 
0 

230 
355 
415 
460 
490 
5 10 
530 
5 45 
560 
5 75 
585 
5 95 
605 
610 
635 
650 
660 
675 
685 
695 
705 
715 - 

f 

1.63 
1.70 
1.80 
1.90 
2.00 
2.10 
2.20 
2.30 

2.50 
2.60 
2.70 
2.80 
2.90 
3.00 
3.50 
4.00 
4.50 
5.00 
5 050 
6.00 
6.50 
7.00 

2.40 

h d  - 
730 
750 
765 
795 
805 
810 
820 
830 
840 
850 
860 
870 
885 
900 
92 0 
945 
975 

- 

f 

7.50 
8.00 
8.50 
9.00 
9.10 
9.20 
9.30 
9.40 
9.50 
9.60 
9.70 
9.80 
9.90 
10.00 
10.10 
10.20 
10.30 

Extraordinary t r ace  

hi - 
0 

1.75 
340 
43 0 
48 0 
525 
555 
580 
600 
615 
630 

645 
65 5 
660 
665 
670 
670 
675 
680 
680 
690 
695 

640 

- 

f X 

2.08 
2.10 
2.20 
2.30 
2.40 
2.50 
2.60 
2.70 
2.80 
2.90 
3.00 
3.10 
3.20 
3-30 

3 -50 
3.60 
3 -70 
3.80 
3.90 
4.00 
4.50 
5-00 

3.40 

h; fx  

700 5-50 
705 6.00 
710 6.50 
720 7.00 
735 7-50 
750 8.00 
770 8.50 
790 9.00 
795 9.10 
800 9.20 
805 9.30 
810 9.40 
815 9.50 
820 9.60 
830 9.70 
835 9.80 
845 9.90 
850 10.00 
860 10.10 
870 10.20 
880 10.30 

905 10.50 
890 10.40 



TABLE 1 V . -  TOPSIDE WORKING GROUP 'IFST IONOGFUW N(LV1) PROFILE 

- 
m, 
km - 
0 
20 
62 
100 
13 0 
156 
180 
2 01 
220 
e37 
25 0 
265 
279 
290 
300 
378 
420 
45 0 
473 
491 
508 
5 19 
530 
550 
568 
582 
5 99 
611 
629 
645 
667 - 

NXlO +, 

3-3 
3.5 
4.0 
4.5 
5 .o 
5 -5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9-5 
10.0 
15.0 
20.0 
25.0 
30.0 
35 -0 
40.0 
45.0 
50.0 
50.0 
70.0 
80.0 
90.0 
100.0 
110.0 
120.0 
130.0 

fN, 
Mc/s 

1.63 
1.68 
1.80 
1.90 
2.00 
2.11 
2.20 
2.29 
2.38 
2.46 

2.62 
2.69 
2-77 
2.84 
3.48 
4.01 
4.49 
4.92 
5.31 
5.68 
6.02 
6.35 
6.95 
7-51 
8.03 
8.52 
8.98 

9.83 

2.54 

9.42 

10.24 
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TABLE V.- RFDUCTION OF THE T O P S I D E  WORKING GROUP TEST IONOGRAM USING TI33 
MFTHOD OF OVERLAPPING POLYNOMIALS 

Ordinary trace 

h', 
km 

0 
230.0 
355 -0 
415.0 
460.0 
510.0 
560.0 
610.0 
635 .o 
650.0 
660.0 
675 0 
685.0 
695 .o 
705.0 
715 -0 
730 - 0 
750.0 
765 .o 
795 -0 
840.0 
900.0 

fN, 
Mc / s  

1.63 
1.70 
1.80 
1.90 
2.00 
2.20 
2.50 
3.00 
3-50 
4.00 
4.50 
5.00 
5 -50 
6.00 
6.50 
7.00 
7-50 
8.00 
8.50 
9.00 
9-50 
10.00 

a? 
h 

0 
25.7 
62.8 
96.7 

180.6 

323 9 
380.3 

453 - 4 
479.8 
502.3 
521.4 
538.4 
553.7 
568.3 
583 2 
597 * 5 
612.8 
631.0 
653 .o 

127 5 

244.4 

421.7 

Extraordinary trace 

h' , 
km 

0 
175 -0 
340.0 
430.0 
480.0 
525 - 0  
630.0 
665.0 
680.0 
690.9 
695.0 
700.0 
705 0 
710.0 
720. o 
735 0 
750.0 
770.0 
790.0 
800.0 
810.0 
820.0 
835.0 
850.0 

fX? 

2.08 
2.10 
2.20 
2.30 
2.40 
2.50 
3.00 

Mc / s  

3-50 
4.00 
4.50 
5 .oo 
5 -50 
6.00 
6.50 
7.00 
7-50 
8.00 
8.50 
9.00 
9.20 

9.60 
9.80 
10.00 

9.40 

fN, 

1.63 
1.64 

Mc/s 

1.74 
1.84 
1-93 
2.03 
2.51 
3 .oo 
3-49 
3 -99 
4.48 
4.98 
5.48 
5.98 
6.47 
6.97 
7.47 
7.97 
8.46 
8.66 
8.86 
9.06 
9.26 
9.46 

b? 
km 

0 
9.0 
45.1 
78.9 
111.0 
138.3 
254.5 
329.8 
383.9 
424.6 
456.4 
481.9 
503 -3 
521.5 
538.0 
554.0 
569.5 
585 -0 
600.5 
606.8 
613.2 
619.7 
626.5 
633 -8 
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TABU V I .  - REDUCTION O F  A NIGHTTIME IONOGRAM USING TEE METHOD OF 
OVERLAPPING POLYNOMIALS 

Telemetry Station: Stanford 
Pass: 3901 (12 July 1963) 
Time: 2256 UT 

fHv = 0.81 Mc/s; D i p  angle = 

h' I 
km 

0 
468.0 
725 -0 
971 0 
1099.0 
1007. o 
876.0 
806.0 
790 0 
803.0 
847.0 
935 *o 

fX I 
Mc / s  

1-33 
1.36 
1.40 
1.43 
1.48 
1.64 
1.89 
2.22 
2.64 
3-13 
3.67 
4.30 

- 
f N J  
Mc /s 

0.83 
.86 
-89 - 91 
* 95 

1.09 
1-33 
1.66 
2.0% 
2.57 
3.10 
3-75 

- 

- 

&I 
km 

0 
36.0 
83-7 
128.0 
193.8 
314.3 

467.3 
522.0 
569.5 
616.2 
673 - 4 

401.7 
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3 a 
0 
ffi 
PI 

z 
0 f 

H 3 
E-l 3 

4 3 
E-l 3 
u2 3 

3 
3 
M 

M 

m 
M 

M 

M 

ffi 
0 
kl 

0 
H 

I 

H 
H > 
Y 
8 
cg 
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. 

0 d rl r-lx 
rt r-i o x  Eid 

do a x  
d o a x  
r-l 0 c-Pl 
r i o u m  
d o  Lnx 
r-lo3x 
r-lomx 
rtocux 

4 d 0 4 X  
r t o o x  
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TABL;E X. - N(h) IDENTIFICATION CARE FORMAT 

Column Item 

4 -8 Pass number, integer ,  r i g h t  adjusted 

9 -19 

20-21 Hours 

Date, any format whatever (e.g. ,  10 JULY 63, or 7/10/63, e t c . )  

22 -23 

24 -25 Seconds 

TABLF X I -  - N(h) PARAMETER CARD FORMAT 

Column I t e m  

0 Ordinary ray data  

1 Extraordinary ray data  i 3 Control d i g i t  

4 -6 The nwnber of points  read from t h e  Tonogram, integer,  r i g h t  
adjusted 

7 -12 I,, dip angle a t  the  pos i t ion  of the  s a t e l l i t e ,  degrees (tXX.XX) 

13 -18 

19 -24 

fHv, gyrofrequency a t  the  pos i t i on  of t he  s a t e l l i t e ,  Mc/s (X.XXXX) 

fv ( o r  
ray)  a t  the  pos i t i on  of t he  s a t e l l i t e ,  Mc/s (X.XXXX) 

f,,), t h e  frequency of the Ordinary ray ( o r  Extraordinary 
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TABLE X I I .  - FREQUENCY-VIRTUAL DEPTH DATA CARDS 

I t e m  - Columns 

2-6 f (or fx ) ,  Mc/s 1 
7 -12 h ' ,  km 

reading i ' I  
18 -23 h' ,  km 

reading i + 1 i 
reading i + 2 

24-28 f (or fx) ,  MC/S 

29-34 h' ,  lan 

reading i + 3 
35 -39 f (or  fx) ,  MC/S 

40 -45 h ' ,  km 

I TABLE XIII. - SPECIAL CONTROL CARD FORMAT" 

~ C o l m s  Item 

1-5 The number of points  t o  be computed using t h e  l i nea r  lamination 
method, r i g h t  adjusted. 

Logical tape upon which the  two summary tab les  a re  t o  be writ ten,  
r i g h t  adjusted.  
preparation i s  deleted.  

Table XI11 i s  not normally required i n  routine 

I 
6 -10 

If  t h i s  f i e l d  .is blank, or zero, then the  t a b l e  
~ 

a ' h'  ( f )  A N ( h )  reduction, t he  
overlapping polynomial method being used with a "three l i n e a r  lamination" 
s t a r t i n g  procedure. 
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